We study wave emissions, in the frequency range from above the lower hybrid frequency up to the plasma frequency, observed during one of the Cluster crossings of a high-beta exterior cusp region on 4 March 2003. Waves are localized near narrow current sheets with a thickness a few times the ion inertial length; currents are strong, of the order of 0.1-0.5 µA/m 2 (0.1-0.5 mA/m 2 when mapped to ionosphere). The high frequency part of the waves, frequencies above the electron-cyclotron frequency, is analyzed in more detail. These high frequency waves can be broad-band, can have spectral peaks at the plasma frequency or spectral peaks at frequencies below the plasma frequency. The strongest wave emissions usually have a spectral peak near the plasma frequency. The wave emission intensity and spectral character change on a very short time scale, of the order of 1 s. The wave emissions with strong spectral peaks near the plasma frequency are usually seen on the edges of the narrow current sheets. The most probable generation mechanism of high frequency waves are electron beams via bump-on-tail or electron two-stream instability. Buneman and ion-acoustic instability can be excluded as a possible generation mechanism of waves. We suggest that high frequency waves are generated by electron beams propagating along the separatrices of the reconnection region.
Introduction
Magnetospheric cusps are the primary region of magnetosheath plasma entry; they are very dynamic regions with a variable plasma structure (Haerendel and Paschmann, 1975) . Cusps are also associated with strong plasma wave activity ranging from very low frequencies (Savin et al., 2004) up Correspondence to: Y. Khotyaintsev (yuri@irfu.se) to electron-cyclotron and plasma frequencies (Pickett et al., 2001) . In most cases the source of the waves and their plasma wave modes are still not known.
One can identify several magnetospheric regions when satellites are crossing the high altitude cusp. One region that stands out is the exterior cusp. This region has been the subject of various terminology (Haerendel, 1978; Savin et al., 2004; Lavraud et al., 2002) . Here we define it as the low magnetic field region located at large radial distances. It has recently been shown as more or less stagnant under northward IMF (Lavraud et al., 2002) while rather largely convective under southward IMF (Cargill et al., 2004) . It often shows, however, disordered plasma flows and fields (Haerendel, 1978; Savin et al., 2004) and transient flows associated with recently reconnected flux tubes .
We study waves inside the high altitude cusp in a wide frequency range from above the lower hybrid frequency up to the plasma frequency. Bursty whistler emissions with frequencies between lower hybrid and electron-cyclotron frequencies have been reported earlier, for example, from Polar spacecraft (Pickett et al., 2001) . Another kind of high frequency waves that are often present have frequencies from the electron-cyclotron up to the plasma frequency. These waves can have spectral peaks near the plasma frequency or have broad-band character. In most cases electron beams have been suggested as the source of the waves (Pickett et al., 2001) . There are many studies theoretically and numerically investigating possible ways to generate the waves described above by drifting electrons or electron beams (Roth and Hudson, 1986; Watanabe and Oya, 1993) . At the same time it is necessary to have more detailed observations of the waves and their plasma environment in order to answer the questions why the waves are so bursty, what is the temporal and spatial development of the wave intensities and spectra, what are the sources of the electron beams. This paper is a step in this direction. A reconnection region generally can be rather turbulent and observations of electromagnetic waves in the vicinity of it can provide important information about the physics of the reconnection processes. Instabilities driving waves with frequencies near the electron plasma frequency, such as bumpon-tail and Buneman instabilities, provide information about the electron dissipation. Electron holes, Langmuir and upper hybrid waves close to the reconnection X-line and separatrices are reported from simulations (Drake et al., 2003) , satellite observations at the magnetopause (Matsumoto et al., 2003; Vaivads et al., 2004 ) and the magnetotail (Farrell et al., 2002) . Electrostatic instabilities, such as lower hybrid drift instability (LHDI, Krall and Liewer (1971) ; Silveira et al. (2002) ), are commonly observed in association with reconnection current sheets. LHDI is observed in low-β regions of the current sheet, but not in the center, where β is high and the instability is suppressed (Horiuchi and Sato, 1999; Rogers et al., 2000; Carter et al., 2002) . In a high-β plasma electromagnetic instabilities play the most important role. One such instability is a modified two-stream instability (MTSI) (Krall and Liewer, 1971; Wu et al., 1983; Silveira et al., 2002) , which results from a relative drift of magnetized electrons and unmagnetized ions (v d ∼V A ). Recently, Ji et al. (2004) reported on the correlation of whistler waves driven by MTSI and the enhancement of reconnection rates in a high-β laboratory plasma. Observation of enhanced whistlermode waves in association with a reconnection event on the dayside magnetopause was reported by Deng and Matsumoto (2001) .
In this paper we present a multipoint observation of wave emissions in the high altitude cusp region, where wave frequencies are between the lower hybrid and electron plasma frequencies. We analyze the spectral character of these waves, the location of the most intense wave emissions with respect to narrow current sheets, and discuss how details of the observations are consistent with the reconnection hypothesis.
Observations
We are studying a high altitude cusp observed by Cluster at the dusk flank on 4 March 2002. The location of Cluster spacecraft, their configuration and the model magnetospheric field (T2001 model Tsyganenko (2000) ) are shown in Fig. 1 . Cluster enters the high latitude cusp at 08:50 UT and exits to the magnetosheath at 09:50 UT. The IMF, as observed by ACE, was primarily duskward (B y ∼12 nT), and generally northward (5 nT) with a small southward excursion after 09:40 UT. Our primary interest is a time interval 09:39:00-09:40:30 UT when several of the most intense high frequency wave emissions during the whole cusp passage are observed. An overview of an outbound crossing of the cusp region by Cluster 3 is shown in Fig. 2 . Panels from top to bottom show: (a) ion spectrogram for all pitch angles measured by HIA (Rème et al., 1997) , (b) the magnetic field magnitude measured by FGM (Balogh et al., 1997) , (c) plasma density derived from the spacecraft potential measured by EFW (Gustafsson et al., 1997) , (d) ion flow velocity measured by HIA (Rème et al., 1997) . The exit to the magnetosheath can be identified at ∼09:49 UT, when the plasma flow becomes tailward (−X GSE) with a positive Y component (which is expected on the dusk flank). The region preceding the magnetosheath can be, for the most part, identified as exterior cusp.
The most varying quantity in Fig. 2 is the magnitude of the magnetic field B. We can identify three characteristic levels of |B|: magnetospheric level where |B|∼35−40 nT , and levels where |B| is below and above the magnetospheric level. The regions where |B|∼35−40 nT have a magnetic field direction close to the magnetic field expected for the magnetosphere (B y <0, B z <0). The regions of low magnetic field can be identified as exterior cusp. They are separated from magnetospheric regions by the magnetopause (current sheet). The exterior cusp is filled with high-β plasma which is primarily stagnant or flowing sunward. The regions where the magnetic field magnitude is above the magnetospheric level, |B|>40 nT, contain plasma which flows tailward but at the same time has significant velocity component in −Y GSE direction, which is in opposite direction with respect to the IMF B y component. This direction is expected for the flux tubes that are being dragged around the magnetosphere after reconnection. These regions can be We look in more detail at the time interval 09:38-09:41 UT, the shaded region in Fig. 2 . This time interval contains regions with all three different levels of B; the overview of this time interval is shown in Fig. 3 . The reason why we have chosen this time interval is that within it we observe among the strongest high frequency waves emissions during the whole high altitude cusp passage. Panels from top to bottom show: (a) plasma density derived from the spacecraft potential measured by EFW, (b, c) the magnetic field magnitude and components measured by FGM, (d) ion flow velocity (HIA, solid line) and E×B from EFW (dotted line), (e) plasma β (ion β), (f) spectra of the electric field in 2-80 kHz range measured by WHISPER instrument (Decreau et al., 1997) co-plotted with the upper hybrid frequency, (g) spectra of the magnetic field in 8-4000 Hz range measured by STAFF-SA (Cornilleau-Wehrlin et al., 1997) co-plotted with the electron-cyclotron frequency. We note that during this event the upper hybrid frequency f uh is nearly identical to the electron plasma frequency f pe because of the low electron-cyclotron frequency f ce ∼0.2-1 kHz.
We would like to concentrate on bursts of highfrequency waves close to the plasma frequency seen on in Fig. 3f . We see several such bursts at 09:37:55, Figure 4 shows two of the strongest events of waves at frequencies up to the plasma frequency seen by WHISPER at 09:39:15 and 09:40:15 UT (shaded regions in Fig. 3 ). Both events are related to narrow current sheets with a thickness of about one ion inertial length λ i =c/ω pi , and have correlated enhancements of intensity of whistler waves (Fig. 3g) . The geometry of the current sheets is complicated and 3-dimensional; there are significant differences between the spacecraft even on such a small separation as 100 km. We cannot easily apply methods which assume a planar current sheet, such as minimum variance and timing, to characterize these current sheets.
The first event (09:38:50-09:39:30 UT) is related to the boundary of the first FTE. Surrounding plasma has β∼3 and a decaying flow in the −Y GSE direction, and the magnitude of the magnetic field is decreasing from |B|∼70 nT down to ∼30 nT. The spacecraft cross a narrow current sheet several times, seen as in the changes of B y in Fig. 4a . We see large differences in the magnetic field between the spacecraft. This allows us to conclude that the scale of the current sheet is definitely below the spacecraft separation (100 km, λ i ∼60 km), as Cluster 3 sees the field direction which is opposite to the other spacecraft. A good minimum variance exists for Cluster 3, which shows the presence of a magnetic field component (∼5 nT) in the direction of minimum variance. This may indicate that the observed current sheet is a rotational discontinuity, but this result cannot be fully trusted because of the actual complicated structure of the crossing. The magnetic field remains rather large in the center of the current sheet (∼20 nT), and thus a large fraction of the observed current is field-aligned. The high-frequency waves are concentrated close to the currents, but have a minimum in the center, which is best seen as a gap in the integrated wave energy for Cluster 3 (green line on panel (b), Fig. 4 ) at 09:39:16 UT. Spectra of the emissions differ significantly, some of which have a single peak at the electron plasma frequency (09:39:04 UT), other are more broad-band (09:39:16 UT).
During the second event (09:40:10-0940:25 UT) all spacecraft cross a localized current sheet at ∼09:40:18 UT, seen as a strong change in B x and an associated depression of total B. Cluster 1 observes a significantly different situation from the others. The current sheet is embedded in plasma with β>10. The magnetic field shear is ∼150 • and its magnitude drops significantly in the center of the region; the minimum values go as low as 1 nT (at Cluster 4). In the center of the current sheet where the magnitude of B is very low, plasma β is ∼70. The direction of the surrounding plasma flow is primarily sunward without any clear relation to the IMF B y direction. Wave activity in a frequency range from the lower hybrid up to the electron plasma frequency is strongly enhanced in the vicinity of the current sheet.
Understanding the orientation of the current sheet is rather complicated in this case. The largest and smallest variations of the magnetic field are seen in the GSE X and Y components, respectively. This can be verified with minimum variance analysis (MVA), which shows the existence of good quality MV frame for Cluster 2, 3, and 4, with a ratio of intermediate to minimum eigenvalue >10. Magnetic fields observed by Cluster 2, 3, and 4 are similar and can be easily shifted in time to overlap. However, the magnetic field seen by Cluster 1 is significantly different and cannot be uniquely aligned with the rest of the spacecraft. One of the possible directions of the normal to the current sheet which can be derived from the measurements on all four spacecraft is obtained by aligning the maximum varying component of the magnetic field (B x , aligning the current sheet in general) and wave energy measured by WHISPER. Such alignment yields a normal velocity of the current sheet of V n =55−70 km/s, resulting in a scale of the current sheet of 330-350 km or ∼6λ i (λ i ∼60 km).
Main wave activity seen in a frequency range above 2 kHz (panels (b) and (c) in Fig. 4) is concentrated, as for the first event, at the edges of the current sheet. This can be best seen at Cluster 1, which enters the sheet slower than the other spacecraft and stays at the edge for a longer time, and sees the enhanced waves during all this time. We would like to emphasize that these HF waves observed at 09:40:15 UT have the largest amplitude during the whole cusp crossing of ∼1 h.
Discussion
We have presented observations of different kinds of high-frequency waves that are present in the high-latitude cusp/magnetopause region during one event. This magnetospheric region is characterized by a relatively low magnitude of the magnetic field and dense plasma, so that the electron plasma frequency and the upper hybrid frequency are close to each other and are well above the electron-cyclotron frequency (f uh ∼f pe f ce ). The ion plasma frequency is of the order of the electron-cyclotron frequency (a few hundred Hz). During the event that we study, there are no time series data of high frequency emissions (events where such information is available is a topic of our future studies), and also, the polarization properties of high frequency waves cannot be estimated. A typical extent of the emissions is ∼1 s, which is shorter than the satellite spin period and the temporal resolution of particle distribution functions. Therefore, reliable electron distribution functions from the regions of emissions are not available. Thus, we have to base our analysis and speculations only on wave spectral information.
During this event, the strongest emissions in a frequency range above the electron-cyclotron frequency usually have either a spectral peak near the electron plasma frequency, or a spectral peak at frequencies well below the electron plasma frequency, or broad-band spectra; see examples in Fig. 4c . Different types of wave emissions can be seen just within a few seconds next to each other or even at the same time. Some of these kinds of spectra have been reported earlier, for example, at magnetopause (Matsumoto et al., 2003; Vaivads et al., 2004) and in the magnetotail (Omura et al., 1996; Farrell et al., 2002) . In earlier studies the different kind of waves have been identified as electron-acoustic, ion-acoustic, Buneman, Langmuir or upper hybrid waves. It has been identified from the time series measurements that in some cases the broad-band spectra can be due to electron holes (Cattell et al., 2002; Matsumoto et al., 2003) .
All of the proposed mechanisms for the generation of high frequency waves gain energy either from the drift of electrons with respect to ions (Buneman, ion-acoustic instabilities) or from the drift of one electron population with respect to another (two-stream, electron-acoustic, weakbeam, bump-on-tail instabilities). Typically under the conditions of dense plasma (f pe f ce ) weak electron beams or bump-on-tail distributions would generate upper hybrid waves at oblique propagation angles, and Langmuir waves and electron-acoustic waves propagating parallel to the ambient magnetic field (Roth and Hudson, 1986) . For strong electron beams the electron-acoustic waves can start to dominate resulting in spectrum that extends only up to f pe (Gary and Tokar, 1985) . Typically, electron-acoustic waves are observed at frequencies that are near the plasma frequency of the cold (non drifting) population of electrons. The electronacoustic waves can evolve into electron holes (Berthomier et al., 2000) , leading to broad-band spectra. In the case of a Buneman instability, where electrons move with respect to ions, lower frequency waves of the broad-band character are generated. Electron or ion-holes can also be formed in this case. The missing electron distribution function data does not allow us to observationally identify the free energy source; however, for us it is important that, in principle, all high frequency wave emissions are local electrostatic instabilities that do not propagate far from the generation region; only slight changes in the electron distribution or electron beam strength can create different type of spectra that are seen in our observations.
The high frequency emissions are seen throughout the cusp but the strong emissions are very localized and few. Burst of the wave emissions, which are several second long, are registered approximately once per minute. Most of the strongest emissions that we observe have spectral peaks near the plasma frequency. There are cases when there are no spectral peak near the plasma frequency, but the integrated wave energy suggests strong wave power, e.g. 09:39:00 UT in Fig. 4 . In these cases there can be strong waves near the plasma frequency which are not registered, because the spectral information (which is not continuously sampled) happened to be sampled just before or after the region of strong waves. There are also regions of strong broad-band waves that can be seen both in Figs. 3 and 4 . Both figures also suggest that broad-band spectra and spectra with peaks near the plasma frequency are often anticorrelated in time, i.e. either the strong Langmuir or strong broad-band emissions are present, but not both at the same time. In our events we cannot distinguish Langmuir and upper-hybrid waves because the polarization information is missing.
The high frequency emissions are observed near strong narrow current sheets; thus, the first thing is to test how important are the current driven instabilities. When we apply the curlometer technique (not shown) we see that currents within the current sheets in Fig. 4 can reach values up to 0.5 µA/m 2 . The component of the current parallel to the magnetic field can be as high as 0.25 µA/m 2 . For typical plasma parameters of density n=10 cm −3 and current density j =0.2 µA/m 2 we obtain an electron drift velocity of ∼125 km/s. This corresponds to a velocity of 80 eV proton which is well below the thermal velocity of protons. The proton temperature is a few hundred of eV up to 1 keV and thus for the electron drift to be larger than the ion thermal velocity the currents should be at least ∼1 µA/m 2 . We cannot exclude the existence of such currents at separations well below the Cluster separation, as the curlometer technique shows only the average current on the Cluster separation scale. While the observed currents of ∼0.25 µA/m 2 are strong currents, and they would correspond to very strong currents of ∼0.25 mA/m 2 when mapped to the ionosphere, it does seem that locally these strong currents are not the source of the high frequency emissions. The observations of the high frequency emissions usually at the edges of the current sheets additionally confirm this result. Thus, it seems that high frequency waves are related to the strong narrow current sheets but are not generated by them.
One model that explains reasonably well the above discussed properties of the waves is the presence of reconnection processes close to the satellites. A schematic of the region (near or far away from the X-line) is presented in Fig. 5 , where an example satellite trajectory is marked by a dashed line. Electron beams at the separatrices of the reconnection region will generate HF waves which are observed by satellite. Such electron beams streaming toward the X-line along the separatrices have been seen in simulations ) and satellite data (Fujimoto et al., 1997; Nagai et al., 2001; Oieroset et al., 2001 ). We must mention that observation of such electron beams is not possible for the events studied, as the observed structures are rather short and cannot be resolved by particle instruments.
The complicated (turbulent) structure of the observed current sheets does not allow us to show directly whether there is local reconnection taking place. However, some of the current sheets are observed at the edges of the FTEs which also suggests the presence of electron separatrices connected to the X-line.
The lower frequency electromagnetic activity with frequency extending from the lower hybrid frequency (<10 Hz) up to the electron-cyclotron frequency (∼0.2-1 kHz), presented in Fig. 3g , correlates with HF activity. Polarization of these waves is mainly right-handed; thus, the waves can be identified as right-hand polarized whistlers. A similar observation of whistler waves in high-β cusp was made by Polar spacecraft (Pickett et al., 2001) . The source of the waves was related to the outflow region of the reconnection site. Ji et al. (2004) have observed right-hand polarized whistler inside the current sheet, which propagates along the current sheet, and becomes trapped in the perpendicular direction, in a high-β laboratory plasma. Generation of such whistler waves in a high-β plasma can be attributed to MTSI (modified two stream instability), caused by perpendicular currents. MTSI arises due to relative cross-field drift of unmagnetized ions and magnetized electrons. Ions are unmagnetized on a typical scale of a current sheet ∼λ i <ρ i , and instability is excited at drift velocities exceeding the local Alfvén velocity. The electron drift velocity of ∼125 km/s seen in our case is typically larger or comparable to the local Alfvén velocity, and thus MTSI can be excited by the observed currents.
Summary and conclusions
We have analyzed in detail an event on 4 March 2002, where Cluster spacecraft, being located at close separation (∼100 km), cross the cusp/exterior cusp region. The observations show enhancements of wave activity in a frequency range from the lower hybrid up to the upper hybrid frequencies. The enhancements are localized at narrow current sheets on a scale of several ion inertial lengths. These current sheets are associated with boundaries separating different regions, such as FTEs, magnetosphere and exterior cusp. The intensity of the currents ∼0.25 µA/m 2 is rather high if compared to the typical intensities observed at the magnetopause ∼50 nA/m 2 , and would correspond to very strong currents of ∼0.25 mA/m 2 when mapped to the ionosphere.
Wave emissions in a frequency range extending from the electron-cyclotron frequency up to the plasma frequency can be both broad-band and more localized in frequency. The strongest waves usually have a peak near the plasma frequency. Some of the spectra have a second peak at half of the plasma frequency. The emission intensity and spectral character are bursty; they change on a time scale below 1 sec. We have also observed intensification of electromagnetic waves below the electron-cyclotron frequency, which have some correlation with HF waves, but are observed more frequently. These wave are right-hand polarized whistlers.
The waves in the plasma frequency range can be Langmuir or upper hybrid waves. Spectral peaks at lower frequencies indicate the presence of electron-acoustic waves. Broadband spectra can also be produced by electron-acoustic waves, or coherent structures (electrostatic solitary waves, electron holes). These waves can be generated by electron beam or current instabilities. The resolution of particle instruments does not allow us to resolve this point. Estimates of the electron drift velocities from the current (obtained by curlometer technique) give values lower than the electron and ion thermal velocities. Thus, Buneman and ion-acoustic instabilities can be excluded as a possible generation mechanism of waves. Therefore, the most probable generation mechanism is electron beams via bump-on-tail or electron two-stream instability.
Strong wave activity close to the plasma frequency are observed at the edges of the current sheets.
We suggest that the observations of high-frequency waves is related to electron separatrices of a reconnection region. In this case one expects strong localized currents, and electron beams along the separatrices located at the edges of these currents. We cannot determine from the data whether the reconnection is going on locally, but see the enhancements of wave activity at the boundaries, which one expects to be related to reconnection, such as edges of FTEs and the cusp/exterior cusp boundary. Our observations of high frequency waves are similar to the observations of upper hybrid waves along the separatrices in the geomagnetic tail (Farrell et al., 2002) and magnetopause .
